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We present a novel proposal for generating quantum superpositions of macroscopically distinct
states of a bulk mechanical oscillator, compatible with existing optomechanical devices operating in
the readily achievable bad-cavity limit. The scheme is based on a pulsed cavity optomechanical quan-
tum non-demolition (QND) interaction, driven by displaced non-Gaussian states, and measurement-
induced feedback, avoiding the need for strong single-photon optomechanical coupling. Furthermore,
we show that single-quadrature cooling of the mechanical oscillator is sufficient for efficient state
preparation, and we outline a three-pulse protocol comprising a sequence of QND interactions for
squeezing-enhanced cooling, state preparation, and tomography.
Introduction. Elusive as they are, Schrödinger cat [1]
states remain some of the hardest to tame in the quantum
world, yet also among the ones most strived for. That
is due to their quintessential embodiment of the mani-
festly non-classical properties of quantum mechanics, by
simultaneously occupying two macroscopically distinct
states – dead and alive. Successful creation of such coher-
ent state superpositions have so far been limited exclu-
sively to isolated microscopic quantum systems, e. g. in
ion traps [2, 3] and microwave cavity and circuit quantum
electrodynamics [4–7], while closely related variants, col-
loquially termed Schrödinger kittens, have been demon-
strated in propagating optical fields [8–10]. However,
an intriguing and long standing question is whether also
macroscopic objects can be prepared in quantum super-
positions of being here and there?
Within the last decades the field of optomechanics [11]
has attracted tremendous theoretical and experimental
attention and has developed into a mature research disci-
pline already contributing a range of key results in quan-
tum physics: mechanical ground state cooling [12, 13],
observation of quantum back-action [14, 15], pondero-
motive squeezing [16–18], and recently generation of
non-classical mechanical states of motion [19–21]. The
demonstrated technological ability to engineer mechan-
ical oscillators ranging from micro- to macroscopic in
size and tailor their interaction with radiation fields
places optomechanics among the most promising testbeds
for experimental scrutiny of the long debated quantum-
classical transition. Experiments of this kind are of
utmost importance for understanding the foundations
of quantum mechanics and quantum measurement the-
ory [22], and from a technological point of view, engi-
neering and coherent manipulation of mechanical quan-
tum states can be of great use for quantum information
processing protocols [23].
A vast number of proposals for optomechanical gen-
eration of non-Gaussian mechanical states, such as cat
states, exist in the literature [24–29]. Non-Gaussian
states of light can be directly mapped onto the me-
chanical motional states either via a swapping opera-
tion [30, 31] or by teleportation [32, 33], but this can be
achieved only in the highly challenging sideband resolved
regime in which the mechanical frequency lies outside
the resonance of a narrow-banded cavity (also known as
the good cavity limit). Mechanical non-Gaussian states
can also be generated in the much simpler bad cavity
regime (where the sidebands are unresolved) by using a
broadband cavity and either single photon [34] or coher-
ent state resources [35]. However, these protocols rely on
an extremely strong non-Gaussian interaction between
light and mechanics and are thus of limited practical fea-
sibility due to the insufficient optomechanical interaction
strengths currently achievable. One way of bridging the
gap is to apply a displacement operation [36] to the op-
tical input state, e.g. a single photon [37, 38]. However,
whereas this approach enhances the interaction and offers
mechanical superposition states of distinguishable con-
stituents in phase space, only a modest degree of macro-
scopicity (separation in phase space) can be achieved.
Here, we propose a novel scheme for mechanical cat-
like state generation, employing displaced photon sub-
tracted squeezed vacuum (PSSV) states [39] in conjunc-
tion with a pulsed measurement induced optomechanical
QND interaction [40, 41]. The proposed scheme relies
on the easily accessible sideband unresolved regime, the
required optomechanical coupling strength is weak, and
the resulting phase space separation of the constituent
cat state components is large. For completeness, we also
suggest a full three-pulse protocol for pre-cooling, non-
Gaussian state preparation and read-out. We find that
by using experimentally feasible system parameters, a su-
perposition state of a massive system with a large degree
of macroscopicity can be formed.
The core of the scheme is presented in Fig. 1. The
optical input mode is conditionally prepared in a pulsed
PSSV state, by photon number resolved detection on a
filtered tap-off of a vacuum squeezed state. Before in-
jection into a cavity optomechanical system, pre-cooled
close to its motional ground state, a displacement op-
ar
X
iv
:1
60
1.
01
66
3v
1 
 [q
ua
nt-
ph
]  
7 J
an
 20
16
2FIG. 1. Employing a displaced PSSV state of light as
resource for driving a cavity optomechanical QND interac-
tion, the mechanical oscillator is projected into a highly non-
classical state conditioned on the outcome of a subsequent
homodyne detection of the optical phase quadrature.
eration is applied to the optical input to enhance the
optomechanical interaction strength. This can be imple-
mented by admixing a strong coherent field on an asym-
metric beam splitter. For interaction times much shorter
than the mechanical evolution time, τ  ω−1M , an ef-
fective optomechanical QND interaction is realized, and
grace to that the mechanics can be projected into a highly
non-classical quantum state conditioned on a subsequent
measurement on the reflected optical field. In the follow-
ing, we model the state preparation analytically using
the Wigner function formalism.
Optomechanical interaction. We consider a single-
ended cavity optomechanical system excited by an
optical pulse of Np photons and duration τ , much
shorter than the free evolution timescale of the me-
chanical oscillator at frequency ωM . Furthermore, the
cavity bandwidth κ (HWHM) is assumed to be much
broader than that of the optical pulse. Under these
conditions, the dynamics of the optical intra-cavity
field can be adiabatically eliminated and mechanical
damping and noise processes can be neglected during the
interaction time [40]. The optical input mode consists
of two parts: a quantum fluctuation part described by
bosonic operators a(t), a†(t) and with temporal mode
function f(t), defined by the conditional PSSV prepa-
ration scheme [42] and satisfying
∫
dt|f(t)|2 = 1, and a
classical driving field with amplitude |α(t)| = √Npf(t)
matched to the quantum state. Instantaneous quadra-
ture operators are defined as xL(t) = (a(t) + a†(t))/
√
2
and pL(t) = −i(a(t)− a†(t))/
√
2 with commutator
[xL(t), pL(t
′)] = iδ(t− t′). To encompass the temporal
correlations within the input quantum state, collec-
tive quadratures are defined for the entire pulse as
xL =
∫∞
−∞ dtf(t)xL(t) and pL =
∫∞
−∞ dtf(t)pL(t), obey-
ing [xL, pL] = i. The mechanical oscillator is similarly
described by bosonic operators b, b† and quadrature
operators xM = (b + b†)/
√
2, pM = −i(b − b†)/
√
2
with [xM , pM ] = i. Assuming resonant interac-
tion, the linearized Hamiltonian takes the form
H = −~g0(2|α(t)|xL(t)xM +
√
2|α(t)|2xM ), where
the optomechanical coupling constant is given by
g0 = xzpfω0/L for an optical Fabry-Perot cavity with
length L, and xzpf =
√
~/2MωM is the zero-point
fluctuation amplitude of the mechanical oscillator with
mass M . Integrating the corresponding quantum
Langevin equations over the entire interaction results
in the following input-output transformation of the
quadratures
xinL → xL = xinL (1a)
pinL → pL = pinL + χxinM (1b)
xinM → xM = xinM (1c)
pinM → pM = pinM + χxinL + Ω, (1d)
which is of the well-known QND form [43]. In Eqs. (1b)
and (1d) we have introduced the coupling strength
χ = 4g0
√
Np/κ, weighting the contribution of the mea-
sured mechanical position xinM to the optical output phase
quadrature, and the associated back-action momentum
transfer Ω = χ
√
Np/2 imposed on the mechanical phase
quadrature.
We assume that the initial optical and mechanical
states are prepared independently and described by
Wigner functions W inL and W
in
M , respectively. Through
the optomechanical interaction the system degrees of
freedom become correlated, the degree of correlation be-
ing proportional to the QND coupling strength χ, as ev-
ident from Eqs. (1a) and (1d). By performing a post
interaction homodyne measurement of the reflected op-
tical phase quadrature, the mechanical oscillator is pro-
jected into an output state W outM , the actual state pre-
pared being conditioned on the measurement outcome
p˜L. Tracing over the unmeasured optical quadrature the
conditionally prepared mechanical state is, up to a nor-
malization factor, given by
W outM (xM , pM ) =
∫∫
dxLdpLW
in
L (xL, pL − χxM )
×W inM (xM , pM − χxL − Ω)δ(pL − p˜L).
(2)
Consequently, by driving the optomechanical interaction
with a non-classical optical input, the distinctly quantum
properties can be transferred to the mechanical oscillator
through measurement induced quantum correlations.
PSSV state preparation. Having detailed the optome-
chanical interaction we now discuss the employed non-
classical optical resource state. Assume that a Gaus-
sian state with quadrature variances VxL , VpL impinges
on a beam splitter with transmittivity
√
T close to unity
(Fig. 1). For a squeezed vacuum state with squeezing
parameter r, the x and p variances are e2r/2 and e−2r/2,
respectively. The reflected field is filtered by a cavity and
directed onto a photon number resolving detector, yield-
ing a measurement outcomem. Using the Wigner picture
beam splitter transformation [44] and tracing out the de-
tected output mode, the resulting conditional PSSV state
3is given by
W inL (xL, pL) = N
∫∫
dx′Ldp
′
LWS (axL − bx′L, apL − bp′L)
×WV (axL + bx′L, apL + bp′L)
×WD(x′L, p′L). (3)
Here a =
√
T and b =
√
1− T , and WS and
WV describe the input phase squeezed vacuum state
and the vacuum field admixed in the displacement
operation, respectively. WD is the corresponding
Wigner function for the employed optical detection
process, which in the following will be taken to be
an m-photon detector with efficiency η, WD(x, p) =
1
pi
(−η)m
(2−η)1+mLm
(
2x2+2p2
2−η
)
exp
(
− η2−η (x2 + p2)
)
[45].
Conditional mechanical state In order for the trans-
ferred quantum state to dominate the initial mechanical
thermal noise, thereby allowing generation of mechan-
ical states with distinctly non-classical properties, pre-
cooling of the mechanical motion is required. The os-
cillator is initially assumed in thermal equilibrium with
a cryogenic bath, and immediately preceding the op-
tomechanical QND interaction, the mechanical mode is
cooled close to its motional ground state. Operating in
the unresolved sideband regime excludes ordinary side-
band laser cooling. However, optical feedback cooling
holds promises for reaching the ground state in the bad-
cavity limit as well [46], though it remains to be demon-
strated [47]. Alternatively, single quadrature cooling-by-
measurement [41] can be invoked as discussed later. To
accommodate this we describe the pre-cooled mechanical
state by a thermal state Wigner function W inM with dis-
tinct quadrature variances VxM and VpM . Using Eq. (2)
together with the PSSV Wigner function W inL for the
optical input state and W inM , we derive the following an-
alytical expression for the conditional mechanical output
state:
W outM (xM , pM ) = NM exp
[
−1 + 2V
′
xM
2VxM
(
xM −
2V ′xM
1 + 2V ′xM
p˜L
χ
)2]
exp
[
− (pM − Ω)
2
(VpM /V
′
pM )(1 + 2V
′
pM )
]
×
m∑
k=0
( −2
2− η
)k (
m
k
) k∑
l=0
1
sk−lx slp
(
2V ′′pM + 1
2V ′pM + 1
)
× L−1/2k−l
(
−χ2cx (xM − p˜L/χ)2
)
L
−1/2
l
(
− cp/χ
2(pM − Ω)2
(2V ′′pM + 1)(2V
′
pM + 1)
)
. (4)
Here, NM is a normalization constant and Lmn (x) the
associated Laguerre polynomials. For simplicity, the fol-
lowing lumped parameters have been introduced:
sx(p) = T + 2(1− T )Vx(p)L + η/(2− η) (5a)
cx(p) = T (1− T )(1− 2Vx(p)L)2/sx(p) (5b)
V χxM = χ
2VxM (5c)
V χpM = VpM /χ
2 (5d)
V ′x(p)M = V
χ
x(p)M
2Vx(p)L +
η
2−η (1− T + 2TVx(p)L)
sx(p)
(5e)
V ′′x(p)M = V
χ
x(p)M
(1− T + 2TVx(p)L) (5f)
In the following, we will arbitrarily assume an outcome
p˜L = 0 of the post-QND optical homodyne measurement.
This either corresponds to probabilistic heralding based
on the measurement outcome or deterministic real-time
feedback actuation of the mechanical oscillator.
Practical feasibility. As a feasible system for imple-
mentation of the protocol, we propose an optomechanical
device merging existing technologies from fiber micro-
cavities [48] with tethered Si3N4 membrane mechani-
cal resonators [49]. In this way the pulsed QND con-
dition ωM  τ−1  κ can be fulfilled while main-
taining an apppreciable g0/κ ratio by combining the
low frequency and low dissipation mechanical trampo-
line mode with the small size of the fiber cavity. In
particular, we consider an optomechanical Fabry-Perot
resonator at λL = 1550nm consisting of a vibrating
plane end mirror separated 4µm from a concave mir-
ror formed directly at the facet of a fiber. The cav-
ity end mirror is formed by a photonic crystal structure
patterned on a tethered membrane with mechanical fre-
quency ωM/2pi = 100 kHz, effective mass M = 1 ng, and
quality factorQM = 108, and we assume an optical cavity
linewidth of κ/2pi = 1GHz (F ≈ 19000). The amplitude
of the mechanical zero-point fluctuation is xzpf = 9.1 fm
and the resulting optomechanical single photon coupling
rate is g0/2pi = 442 kHz. Consequently, a QND inter-
action strength of χ = 1 can be achieved using only
Np = 3.2 · 105 photons in the input pulse. The result-
ing mechanical state Wigner function W outM is plotted in
Fig. 2, and we observe that as the number of subtracted
photonsm is progressively increased the mechanical state
indeed approaches that of a Schrödinger cat. Further-
more, the mechanical state is largely displaced along the
4FIG. 2. Wigner function representation W outM of the conditionally prepared mechanical states for optical PSSV input states
with m = 0 to m = 3 photons subtracted from a phase squeezed vacuum state with r = 1.5. The QND interaction strength is
set to χ = 1 with a corresponding momentum kick of Ω = 400. A tap-off beam splitter transmittivity of T = 0.98 and detection
efficiency of η = 0.95 is assumed, and the mechanical mode is initially cooled to n¯ = 1.
phase quadrature as a consequence of the back-action mo-
mentum kick Ω. Finally, the strong squeezing of the me-
chanical mode resulting from the QND interaction should
be noted, somewhat masked by the large aspect ratio of
the above phase space plots.
Stability of the phase space displacement is of high im-
portance as fluctuations will smear out the fine structures
of the cat state. These fluctuations are amplified by the
magnitude of the displacement and it is thus important
to keep the displacement at a minimum. In the follow-
ing, we investigate the effect of amplitude fluctuations on
the prepared mechanical state in order to put an upper
bound on the permissible fluctuation level. Assuming
that the laser amplitude fluctuations obey a Gaussian
distribution Gα(Np, σN ) characterized by mean Np and
standard deviation σN , we model the impact on the me-
chanical state by a weighted averaging of the mechanical
Wigner function
〈W outM (xM , pM )〉 =
∫
dNpW
out
M (xM , pM ;Np)Gα(Np, σN ).
(6)
The resulting loss of fringe visibility and thereby quan-
tum coherence is reflected in a degradation of the nega-
tivity of the Wigner function. To quantify the effect we
therefore use the total negativity [50, 51]
N =
∫ ∞
−∞
∫ ∞
−∞
dxMdpM |W outM (xM , pM )| − 1 (7)
as a measure for the degree of preserved non-classicality
in the oscillator state. The simulation results presented
in Fig. 3 show that the preparation process is highly sus-
ceptible to amplitude noise, despite the modest number
of photons required to achieve a strong QND interaction
in the considered system. A negligible degradation of the
total negativity requires σN/Np ≤ 10−3, and for relative
fluctuations on the percent level a significant reduction of
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FIG. 3. Impact of laser amplitude fluctuations on the total
negativity of the mechanical state as a function of the em-
ployed mean photon number (QND interaction strength) and
amplitude fluctuation level. The initial thermal occupancy of
the mechanical oscillator mode is set to n¯ = 1, and for the
optical input state, r = 1.5, m = 3, and a detection efficiency
of η = 0.95 is assumed.
the maximum total negativity is expected. As the ampli-
tude fluctuations are increased the maximum total neg-
ativity occurs for increasingly smaller photon numbers,
signifying an optimal trade off between optomechanical
coupling strength and loss of quantum coherence.
Macroscopicity The macroscopicity of the prepared
mechanical state is assessed by employing the measure
proposed by Lee and Jeong [52], which when transformed
to (x, p) phase space takes the form
I = −pi
2
∫∫
dxdpW (x, p)
(
∂2
∂x2
+
∂2
∂p2
+ 2
)
W (x, p).
(8)
5The macroscopicity is related to the sharpness of the os-
cillations of the state in phase space, and therefore di-
rectly linked with the separation of the macroscopic con-
stituents of the state. For a pure mechanical state, the
measure is identical to the number of phonons associated
with the quantum fluctuations, which in turn is related to
the quadrature variances: 〈n〉 = (VxM+VpM )/2−1/2 [53].
From this simple relation it is clear that both the squeez-
ing operation as well as the photon subtraction opera-
tions will increase the macroscopicity of the optical state.
However, since the mechanical state is not in a pure state
due to the finite optomechanical coupling strength and
the finite temperature of the oscillator, the simple rela-
tion does not hold and the induced mechanical macro-
scopicity will be reduced.
Combining Eqs. (8) and (4) we evaluate the macro-
scopicity of the final mechanical state as function of ini-
tial thermal phonon occupation, employing PSSV input
states with m ≤ 3 and a fixed displacement-enhanced in-
teraction strength χ = 1. As presented in Fig. 4, we find
that, despite the finite interaction strength, the mechan-
ical oscillator can be prepared in a state with appreciable
macroscopicity even for n¯ orders of magnitude above the
ground state, increasing with r and m. Taking I = 4 as
a benchmark for truly macroscopic states, corresponding
to a pure cat state with two shot noise units separation
of the constituent coherent components [54], we find that
this is achieved using a PSSV with r = 1.5 andm = 3 and
an initial phonon occupation of n¯ < 200. For n¯ < 1 the
macroscopicity increases to I > 24. Relaxing the optical
input state to r = 1 and m = 1 significantly increases
the constraint on the mechanical pre-cooling, requiring n¯
below 2 to reach the macroscopicity benchmark.
Three-pulse protocol. Up to now, we have consid-
ered the mechanical oscillator to be initialized in a
phase space-symmetric thermal state, prior to the non-
Gaussian state preparation, and tacitly assumed that the
final oscillator state can be read out perfectly. How-
ever, as can be seen directly from Eqs. (1a)-(1d) the
measurement-induced QND mapping of the optical am-
plitude quadrature onto the mechanical position variable
is independent of the initial noise on the mechanical po-
sition. The state preparation process is only affected by
the noise of the mechanical momentum variable and it is
therefore sufficient to “cool” only that motional degree of
freedom. This can be achieved by introducing a squeezed
light QND interaction and allowing a subsequent quarter
period harmonic evolution of the mechanical oscillator,
immediately preceding the actual state preparation in-
teraction. Similarly, a squeezed light QND interaction
can be used for optical readout of the mechanical oscilla-
tor, succeeding the non-Gaussian state preparation stage.
We therefore suggest a three-pulse protocol in which the
mechanical oscillator is asymmetrically cooled, prepared
in a macroscopic superposition state, and finally opti-
cally characterized. The complete cooling-preparation-
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FIG. 4. Macroscopicity of the prepared mechanical state as a
function of initial mechanical mode phonon occupancy, input
squeezing r, and number of subtracted photons m. The pulse
photon number is fixed to Np = 2.3 · 105, yielding an inter-
action strength χ = 1. Displacement amplitude fluctuations
are assumed negligible. The shaded regions corresponding to
m = 0 indicate the contribution of optical squeezing alone to
the total mechanical state macroscopicity.
FIG. 5. The three-pulse protocol illustrated on a “clock”
corresponding to one mechanical oscillation period, T . The
first pulse of squeezed light (inner Wigner function) cools one
quadrature of the initially thermal mechanical state (outer
Wigner function). A quarter period later, the second pulse
transfers the photon-subtracted state onto the mechanics. Fi-
nally, after a variable interval the third pulse reads out a ro-
tated quadrature of the state. All three QND interactions are
accompanied by a homodyne detection of the reflected optical
field (not shown).
readout scheme is illustrated in Fig. 5.
Vacuum squeezed light is produced continuously while
the displacement operation is pulsed and synchronized
with the mechanical oscillator. The first and the third
pulse comprise displaced phase squeezed vacuum states
while the second pulse is a displaced PSSV state. With
the first pulse, we use the QND interaction followed by
6homodyne detection to prepare the harmonic oscillator in
a thermally squeezed state – a process that is enhanced
due to the squeezing of the input optical state. As dis-
cussed, this corresponds to asymmetric cooling where the
oscillator noise is deamplified in a single variable, xM ,
and amplified in the conjugate variable, pM . A quar-
ter period later the reduced noise is transferred to the
momentum quadrature, cueing the second and principal
light-mechanics interaction which effectuates the QND
state preparation scheme discussed above. Finally, the
last pulse is used to read out the mechanical quadratures,
again using a QND coupling followed by homodyne de-
tection. For full state tomography, the delay between
the second and third pulse is varied in order to map out
a range of quadrature phases within a half mechanical
period. The resolution of this readout measurement is
given by the interaction strength χ and the noise of the
optical pulse. It is thus important to note that due to
the squeezing of the optical quadrature, the resolution
of the measurement is greatly improved compared to the
coherent state based protocol proposed in Ref. [40]. Cool-
ing and readout processes using a QND coupling and co-
herent states of light have already been experimentally
demonstrated [41].
To investigate further the feasibility of measurement-
induced cooling, we deduce the resulting asymmetri-
cally cooled mechanical state quadrature variances from
Eq. (4). Considering the case where only displaced phase
squeezed vacuum is employed (no photon subtraction),
we find
V cxM =
VxM
1 + χ2cVxM /VpL
(9)
V cpM = VpM + χ
2
cVxL , (10)
where χc is the pre-cooling interaction strength. The
single-quadrature cooling effect and the benefit of us-
ing squeezed light is immediately evident from the above
expressions. Assuming a mechanical oscillator initially
in equilibrium with a thermal bath at a temperature of
Tbath = 100mK, corresponding to a phonon occupancy of
2.1 · 106, and using Eqs. (9) and (10) to evaluate the pre-
cooled mechanical quadrature variances, we have studied
the total negativity of a non-Gaussian mechanical state
prepared by the second QND interaction, as a function
of the pre-cooling strength. Using a strongly squeezed
cooling pulse, only a weak interaction strength of about
χc = 0.2, independent of displacement amplitude noise,
is required to saturate the total negativity. This corre-
sponds to a cooling pulse photon number on the order of
104.
Though sufficient for the state preparation alone, the
proposed dynamical “cooling” protocol should be accom-
panied by standard passive cooling to mitigate the pro-
cess of thermal decoherence. This process must not be
significant during a single period of the mechanical oscil-
lator to allow for cooling, preparation, and readout be-
fore coupling to the environment’s thermal noise perturbs
the quantum state of the system. Meeting this condition
requires both the thermal heating of the pre-cooled me-
chanical state, occuring at a rate proportional to n¯thΓM ,
with n¯th being the mean phonon number of the envi-
ronment and ΓM the mechanical damping rate, as well
as the thermal decoherence of the prepared macroscopic
state to be much slower than a mechanical oscillation
period. For a mechanical cat state with a phase space
separation of the coherent amplitudes of d = 10, simi-
lar to the m = 3 state in Fig. 2, the decoherence time
is τdec = (n¯thΓM (d
√
2)2/6)−1 = 230µs [55], and for the
system in question, heating out of the motional ground
state happens on a time scale of τth = 7.6 ms. Comparing
this to the mechanical oscillation period T = 10µs we see
that the proposed protocol is indeed a viable approach
to demonstration of truly macroscopic quantum states of
mechanical motion.
Conclusion. We have presented a protocol for gener-
ation of Schrödinger cat-like states of a macroscopic me-
chanical oscillator, relying on previously demonstrated
techniques and compatible with existing cavity optome-
chanical systems. By taking advantage of squeezed-light
enhanced quantum non-demolition interactions, non-
Gaussian resources, and homodyne detection we have cir-
cumvented the demanding requirements of strong single-
photon coupling and operation in the sideband resolved
regime. Consequently, our results pave a feasible route
towards the long-standing goal of interrogating quantum
mechanical phenomena at the macroscopic scale.
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